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The phenomena of apparent amplitude and frequency modulation are frequently observed on the records of vibration 
of scroll compressors. An attempt to explain these phenomena is the subject of this article. Although, a rather simple 
model is presented here, the more complex models are also suggested for the discussion. The variable stiffness of 
points of contact between orbiting and stationary scroll profiles is assumed to be the source of self-excitation. In 
addition, variable stiffness of supporting grommets of the compressor, and the directional stiffness of piping that 
connects compressor to the system may be also considered.  
 
1. Introduction 
Understanding the mechanism of vibration and noise generation is always helpful in the noise and vibration 
reduction. The scroll profile, which is also called a vane, has variable radius of curvature. The normal stiffness of the 
profile is approximately indirectly proportional to the radius of curvature. The smaller is the radius of curvature, the 
stiffer is the profile. The normal stiffness of outmost end of the profile is lower then the normal stiffness of the 
innermost end of the profile. Furthermore, both profiles are in the contact in several symmetrical pairs of points. As 
the compressor rotates, each pair of contact points travels angular distance of one revolution. This results in the 
above-mentioned periodical change in normal stiffness of the contact between the mating scrolls. There is also an 
impulse or jump type of non-linearity in the normal stiffness of mating scrolls, as it can be seen in Fig. 2 and Fig. 3. 
When the suction pocket closes, scrolls are in the contact in six points for a moment. There are only four points of 
contact for the remaining part of the revolution. The number of points of contact depends on the length of the scroll 
profile. In this example, the length of scroll profile, i.e. the wrap angle, is 5π. If the length of wrap angle is not equal 
to an integer number of π, the number of contact points changes between an odd and even number during one 
revolution.        
         
2. Model of Variable Stiffness of Vane 
Fig. 4 shows idealization of the contact between mating scrolls, and corresponding ideal spring. Fig. 5 shows 
diagram of linear change in the stiffness of mating scrolls. For the sake of simplicity, we assume the stiffness of 
each contact point increases linearly in accordance with the equation (1) 
( ) max minmin k kk k , 0 22
−= + ⋅ ≤ ≤ϕ ϕ ϕ ππ (1)
Where kmin   is beginning stiffness, and  kmax is the ending stiffness at the end of one revolution. 
 
As the compressor rotates, the stiffness of each point increases, in the direction from outside to inside, that means 
the inner points of contact have higher stiffness then the outer ones; see Fig.2, Fig.3, Fig.4 and Fig 5. The stiffness 
of vanes can be measured, or it can be calculated using the Finite Element Analysis (FEA). Fig. 2 and Fig. 3 show 
engagement of ideal scroll profiles. In the real designs, in order to increase the strength of the profile, and thus to 
eliminate fatigue failure and breakage, the inner ends of scroll profiles are usually modified as it is seen in Fig.5. 
The multiple contacts between orbiting and stationary scroll is actually statically undetermined case. Due to the 
higher stiffness of the inner points, the inner points of contact carry much bigger part of radial force than the outer 
ones do. Only last inner π of wrap angle can be modified because one side of this part of vane never gets into contact 
with the other one. This reinforcement introduces distortion from the assumption made in equation (1). Therefore, 
the variable stiffness of modified profile can also be approximated by a more general equation 
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( ) mink k k 0 2 (= + ≤ ≤ϕϕ ϕ π 2)
     
Where kφ is stiffness that is function of angle φ. 
 
2.1 Suggested Models of Contact between Scrolls 
Four models of increasing complexity of contact between scrolls are suggested in Fig. 7 through Fig. 10. The model 
in the Fig. 7 is a three-degree-of-freedom model. In this model, m1 is the mass of the body of the compressor, m2 is 
the mass of fixed scroll, m3 is the mass of orbiting scroll, k01 is the stiffness of supporting grommets and attached 
piping, k12 is the stiffness between fixed scroll and the body of the compressor, k23 represents resulting stiffness of 
the contact between the orbiting and the fixed scroll. It is a series combination of the stiffness of the vane of orbiting 
scroll and the stiffness of the vane of fixed scroll. F is resulting force acting upon the orbiting scroll, and it is equal 
to the difference between the inertia force m4R0ω2 and the radial gas force FRG. 
 
The model in Fig. 8 is a four-degree-of-freedom model. In this model m4 is the mass of orbiting scroll, and m3 is the 
sum of all equivalent mass of all contact points between both scrolls. The stiffness k34 is the stiffness of the vane of 
the orbiting scroll, and k23 is the stiffness of the vane of fixed scroll.  
 
The model in Fig. 9 is non-linear five-degree-of-freedom model. In this model, the equivalent masses of orbiting and 
fixed scrolls are considered separately. The non-linearity is in the possibility of separation of both contacting vanes. 
If the separation of vanes occur, the model disintegrates into two independent models, one model with three-
degrees-of-freedom (masses m1, m2, and m3), and one model with two-degrees-of-freedom (masses m4 and m5). 
 
The model in Fig.10 is the most complicated one. In this model mass and stiffness of each contact point is 
considered separately. Thus, at some points both, the orbiting and the fixed scroll vanes may be in contact and move 
together as in Fig. 8, and in some points both vanes may be separated.  
 
3. Equation of Motion 
The equation of motion of any of the four lumped parameter models that are shown in Fig. 7 through Fig. 10 can be 
expressed in the matrix form as 
 
( ) ( ) ( )A Tc,f,F ,F ,sgn (3)⋅ + ⋅ + ⋅ =M q C q q K q F&& & &ϕ ϕ
 
Where M is mass matrix, C is a damping matrix K is stiffness matrix, q is vector of displacements, F is vector of 
acting forces, FA is axial force, FT is tangential driving force, c are coefficients of viscous damping, and f are 
coefficients of dry friction, sgn is the signum function that assures the friction force always opposes the motion. 
 
Some elements of the mass matrix as well as the stiffness matrix are functions of angle of rotation φ, as it is shown 
in equations (1) or (2) and in Fig. 5. If damping is considered, the elements of damping matrix depend on viscous 
damping c, coefficients of dry friction f, on the magnitude of resulting axial gas force FA that may be a function of 
angle φ, the magnitude of tangential driving force FT that is a function of angle φ, and the sign of relative velocity 
between moving masses (sgn).        
 






m 0 0 0
0 m 0 0
= (4)
0 0 m 0
0 0 0 m
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   =     
q
 
Because the inertia force of orbiting scroll is balanced by a counterweight, and the radial gas force acts between 

















The actual orbiting radius R0 is not constant. It is equal to the difference r4 – r2 in Fig. 8. When this is considered, the 
expressions m4r4ω2 and m4r2ω2 that have dimension of a stiffness have to be included into the stiffness matrix. Then, 
the stiffness matrix is 
 
( )
( ) ( )
( ) ( ) ( ) ( )
( ) ( )
( )
2 2
01 12 4 12 4
12 12 23 23
23 23 34 34
2 2
4 34 34 4
k k -m k 0 m
k k k k 0
7
0 k k k k
m 0 k k -m




ϕ ϕ ϕ ϕ
ω ϕ ϕ ω
 
 
The elements of stiffness matrix K that are functions of angle φ of rotation of the compressor have to be updated 
every step of solution.  
 
The damping matrix C can be split into a matrix of viscous damping Cv, and matrix of dry friction damping Cf 
  
v (8)= + fC C C
 
The matrix of viscous damping has all its elements constant, and therefore, it does not need to be updated during 
each step of solution.  
 
01 12 12 14
12 12 23 23







+ − −  − + − =  − + − − −  
VC
c c c c
c c c c




On the other hand, the friction damping matrix has to be updated every step of the solution. In the case of the model 
in Fig. 8, the matrix of friction damping will have the following form  
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( ) ( )
( ) ( ) ( ) ( )( )
T T
4
A A A A
2 4
T T A A A A T T
1 2 4
10 0 0 F
r
1 10 F 0 F
r r (10)
0 0 0 0
1 1 1F F 0 F F
r r r







f f f f
ϕ
ϕ ϕ




The magnitude of tangential force FT changes with the angle of rotation φ. The axial balancing force may or may not 
depend on the angle of rotation φ. The sgn function that appears in  (3) is realized in matrix (10) by the expression         
that guaranties the friction force always opposes the motion.  
 
3.1 Solving Equation of Motion 
Equation (3) can be solved by any numerical method [2], [3]. However, the time-step of integration has to be chosen 
accordingly to assure the stability of solution. If the angular velocity ω is constant, it is convenient to use a 




Fig. 11 shows acceleration in arbitrarily chosen x-direction as it could be seen by an accelerometer attached to the 
orbiting scroll. The amplitude modulation is clearly due to the projection into that fixed direction. The increase in 
the frequency of vibration that appears at the end of the record is due to the variable stiffness of mating scroll 
profiles. Fig. 12 shows the spectrum of the acceleration from Fig. 11. The natural (resonance) frequencies calculated 
with minimum and maximum values of variable stiffness are also shown in Fig. 12.    
 
4. Conclusion 
Although a four-degree-of-freedom model has only four distinct natural frequencies, the spectrum shows more 
resonance peaks that are spread in the vicinity and between calculated resonance frequencies (Fig. 12). This simple 
model shows that the variable stiffness of mating scrolls indeed generates self-excited vibration with multiple 
frequencies that does not coincide with the resonance. In the reality, due to the presence of other types of non-
linearity, some o which are shown in Fig. 9 and Fig. 10, the spectrum may have even more resonance peaks.   
 
Response in the Fig. 11 shows one hundred percent amplitude modulation that usually occurs at some special 
conditions. In the reality, the amplitude modulation is les than hundred percent. This is due to the modal coupling 
between x and y directions. Each mass in the model in Fig. 8 may be considered as having two-degrees-of- freedom, 
x and y. The modal coupling is due to the tip and face friction between the fixed and orbiting scroll; because both 
the tip-friction force and the face friction force are always perpendicular to the inertia force and radial gas force.  
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Fig. 2: Compression starts
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Fig. 12: Spectrum of acceleration of orbitting scroll 
f1=    41Hz,      92Hz
f2=  179Hz,    219Hz 
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